The alternative, heterometal-free nitrogenase of Rhodobacter capsulatus is repressed by traces of molybdenum in the medium. Strains carrying mutations located downstream of nipB copy II were able to express the alternative nitrogenase even in the presence of high molybdate concentrations. DNA sequence analysis of a 5.5-kb fragment of this region revealed six open reading frames, designated modABCD, mopA, and mopB. The gene products of modB and modC are homologous to ChU and ChID of Escherichia coil and represent an integral membrane protein and an ATP-binding protein typical of high-affinity transport systems, respectively.
The process of N2 fixation has been studied for many years in a variety of different diazotrophs, and the conventional molybdenum-containing nitrogenase has been well characterized. However, it was not realized until recently that some organisms harbor, in addition to the molybdenum nitrogenase, other genetically distinct nitrogenase enzyme complexes. These alternative nitrogenases have been best characterized in the obligate aerobic soil bacterium Azotobacter vinelandii, which contains three distinct nitrogenase systems. The conventional nitrogenase (nitrogenase 1) includes a molybdenum cofactor, nitrogenase 2 is a vanadium enzyme, and nitrogenase 3 is a heterometal-free enzyme complex (for a review, see reference 5). The phototrophic purple bacterium Rhodobacter capsulatus harbors two nitrogenase systems, corresponding to nitrogenase 1 and nitrogenase 3, whereas a vanadium-containing enzyme is apparently not present (36) . The expression of alternative nitrogenases in both A. vinelandii and R capsulatus is repressed by extremely low molybdenum concentrations, indicating that high-affinity systems are involved in gene regulation.
Molybdenum, an essential trace element, is incorporated not only into the iron-molybdenum cofactor of nitrogenase but also into the molybdopterin cofactor of all other molybdoenzymes, including nitrate reductase. Genes encoding nitrate reductase and enzymes involved in synthesis of the molybdopterin cofactor as well as components for effective molybdate transport were first analyzed in Eschenchia coli A(nifA1I, nifB11)::Km (Fig. 1) 
pKS36
Derivative of pUS320, AnljHDK::Spca (Fig. 1 ilarities in secondary structure but only limited amino acid sequence homologies. In contrast, the ATP-binding proteins, which are encoded by the fourth gene of the corresponding operons, exhibit a high degree of amino acid sequence similarity regardless of the transport system with which they are associated. In this report, we present data on the DNA sequence and mutational analysis of R capsulatus genes encoding a binding-protein-dependent molybdate transport system. According to the new nomenclature, we called these genes modA, modB, modC, and modD. In addition, two genes (mopA and mopB) which code for proteins containing domains homologous to molybdenum-pterin-binding proteins (Mop) were analyzed. The possible functions of mod and mop gene products in molybdenum repression of the alternative nitrogenase and in molybdenum uptake are discussed.
MATERIALS AND METHODS
Strains. The bacterial strains and plasmids used are listed in Table 1 .
Media and growth conditions. The growth conditions, media, and antibiotic concentrations used to cultivate E. coli and R capsulatus strains were described previously (22, 26, 27) . To remove traces of molybdenum, the media were treated with activated carbon as described by Schneider et al. (35) . DNA sequencing. To determine an overlapping DNA sequence on both strands, appropriate restriction fragments were cloned into pSVB plasmids, and nested deletion derivatives were isolated with the exonuclease III deletion kit (Pharmacia) in both directions. Sequencing was performed by the chain termination method (34) .
Construction of R. capsulatus insertion and deletion mutants. To construct defined R. capsulatus mutants, the wild-type DNA fragments listed in Table 1 and Fig. 3 were cloned by standard methods (33) into mobilizable vector plasmids, and suitable restriction sites (see Fig. 2 ) were used to insert DNA fragments carrying appropriate antibiotic resistance genes. The resulting hybrid plasmids (Table 1) were mobilized from E. coli S17-1 into R. capsulatus by filter matings (22) , and the homogenotization of the corresponding insertion or insertion-deletion mutations was selected by the antibiotic resistance mediated by the interposon. Loss (22) . Nitrogenase assays in vivo. To determine the nitrogenase activity, 3-ml cultures in medium containing serine and the appropriate amount of molybdate were derepressed overnight under an atmosphere of 13 ml of N2. Acetylene reduction was determined with a Hewlett-Packard gas chromatograph (model 5890 II) with a Chrompack Alumina column, which allowed separation of acetylene, ethylene, and ethane. The formation of ethane was routinely monitored as an indication of the activity of the alternative nitrogenase.
RESULTS
Genes involved in molybdenum repression of the alternative nitrogenase are located downstream of nifB copy H. The alternative nitrogenase of R. capsulatus is repressed by molybdenum concentrations of >50 nM (36) . Therefore, diazotrophic growth of a nifHDK deletion strain, which is unable to express the conventional molybdenum nitrogenase, could be observed only on medium treated with activated carbon to remove traces of molybdenum (35) . In contrast, an R capsulatus double mutant carrying a nifIDK deletion and also a deletion encompassing nifA1I/nifB11 and a 3-kb DNA fragment downstream of nifB11 (Fig. 1A) Genes encoding an active molybdenum transport system and two gene products with homology to molybdenum-pterinbinding proteins. The complete nucleotide sequence of a 5,520-bp DNA fragment downstream of nifB11 was determined and is presented in Fig. 2 . The nucleotide sequence data reported in this study will appear in the EMBL, GenBank, and DDBJ nucleotide sequence data bases under accession number L06254. According to the codon usage preference of R. capsulatus, six open reading frames were identified adjacent to nfBII (Fig. 3B) . Four of these coding regions, designated modA, modB, modC, and modD, are closely linked. Only 5 bp separated modA and modB, the stop codon (TGA) of modB overlapped the start codon (ATG) of modC, and there were 3 bp between modC and modD. A larger distance, 34 
Nucleotide sequence of a 5,520-bp DNA fragment located downstream of nifB copy II. The DNA sequence is given in the 5'-33' direction, and the predicted amino acid sequences of modD, modC, modB, modA, mopA, and mopB are indicated in the single-letter code. Two DNA sequence motifs in front of mopA and mopB that resemble RpoN-dependent promoters are underlined with arrows, and nucleotides conforming to the -24/-12 consensus are marked by solid rectangles. Restriction sites used for the construction of insertion mutants (for details, see Table 1 and Fig. 3 ) are boxed.
GCTGGAcCCCGCCCTCCTTGCCGATCACCTGCGAATAGGCGACGAAACCCACCGGCGCATTGCCCGTCGCGGCGAATTCGTAAGCCTGGCTGATGCTTTTGCCGGTGACCAGCTTCGGTTC 3120
TCCGGcCCGGATCGCCGcCCsCGGCCAGCATCACGAAAC rGGCCTTGATCAGCGCGAAGACCTCGAcCcCCGGGGCCAGGcCCATTTCGGTGGCCGAGCGTTCGGTGA TCACCGCGG TCA 3960
analysis of these two intergenic regions revealed no homol-of ChlD (ModC), the ATP-binding component of the molybogy to typical procaryotic -35/-10 promoter sequences.
date transport system ofE.coli (21) , and to ORF10, the gene Two sequences resembling RpoN-dependent promoters product of an open reading frame located in the major nif were found in front of mopA and mopB (Fig. 2) . However, cluster of A. vinelandii (20) . A putative ATP-binding site the sequence similarities of these putative promoter ele-characterized by the conserved amino acid sequence G-X4-ments are restricted to the -24/-12 consensus sequence G-K-S/T (13) is located in the N-terminal part of all three GGNAN8GC, where N is any nucleotide, and no further proteins (Fig. 4A) . In addition to this motif, ChlD of E. coli, nucleotides common to RpoN-dependent promoters (28) Fig. 4A , the predicted amino acid sequence of R [12] ), and MalK (maltose transport [10] Fig. 1 , plus BclI (L) and EcoRI (E). modB, a protein composed of 228 amino acid residues (Mr 24,161), is homologous to ChlJ (ModB) of E. coli (21) and to NifC of Clostridium pasteurianum (51) . These three proteins are characterized by several potential transmembrane segments. Using the method of Rao and Argos (31), we predicted five transmembrane helices for R capsulatus ModB (marked in Fig. 4B ), six membrane-spanning regions for NifC of C. pasteuianum, and four transmembrane elements for the 200 C-terminal amino acids available for ChlJ of E. coli. These secondary structures, including five or six potential membrane-spanning helices separated by short stretches of hydrophilic sequences, are typical of the integral membrane components of different transport systems (11) . Although only limited overall amino acid sequence homology was found for the integral membrane proteins of different transport systems, one of the hydrophilic domains is conserved in many of these proteins (8) . A high degree of sequence similarity to this motif, believed to be the site of interaction with the ATP-binding component (14) , was also found in the hydrophilic stretch separating predicted transmembrane segments 3 and 4 of R. capsulatus ModB (Fig.  4B) . R capsulatus modA and modD, coding for polypeptides of 252 amino acid residues (Mr 26,620) and 259 amino acid residues (Mr 26,782), respectively, exhibit no homology to sequences present in data bases. However, the N-terminal part of ModA contained an amino acid sequence typical of leader peptides, which are cleaved during translocation across the membrane (50) . As shown in Fig. 5 , all structural elements characteristic of leader sequences (two large polar glutamine residues and one positively charged arginine residue in the N-terminal region, followed by a sequence enriched in hydrophobic amino acids and a more polar C-terminal region which conforms to the "-3/-1 rule" for defining the cleavage site) are present in R capsulatus ModA. Therefore, it seems likely that ModA is a periplasmic protein cleaved between the alanine and glycine residues at position 27 and 28 ( Fig. 5) , resulting in a mature protein with a calculated molecular weight of 23,953.
The deduced proteins encoded by mopA and mopB showed a high degree of homology to each other. The total number of amino acid residues (265 versus 270) and the calculated molecular weights (27,119 versus 27,668) are similar for MopA and MopB, and the predicted amino acid sequences showed 50% identity (Fig. 4C ). An interesting feature of MopA and MopB is a tandem duplication of homologous protein domains encompassing 70 amino acid residues. As shown in Fig. 4C , these domains, located in the C-terminal part of both R. capsulatus proteins, exhibited extensive homologies to MopI, one of three low-molecularweight (68 amino acid residues) molybdenum-pterin-binding proteins of C. pasteurianum (15, 17) . Fig. 3C ). Since mopA and mopB showed a high degree of similarity to each other, indicating homologous functions, a double mutant was constructed by substituting a 0.9-kb BamHI (7) and the R. sphaeroides (R.s.) (9) , and the E. coli (E.c.) (18) Skp protein. Identical amino acid residues are boxed. Positively charged amino acids in the N-terminal part are marked (+), and hydrophobic stretches of amino acid residues are shown in lowercase letters. The E. coli Skp protein and cytochrome c2 of R. sphaeroides were shown to be correctly cleaved by a signal peptidase of R. capsulatus (52) . The cleavage site is indicated by an arrow.
shown to induce polar or nonpolar mutations, depending on its orientation (26) . The resulting mutant strains were tested for activity of the alternative nitrogenase by measuring acetylene reduction in a niffHDK deletion background.
Six different types of inhibition were found, and representatives of these are shown in Fig. 6 . The inhibition type and the molybdenum concentration necessary to repress the alternative nitrogenase to 50% of the activity on molybdenum-free medium (IC50) are given for all mutants in Table 2 .
No difference from the parental nifHDK deletion strain was found for mopB mutants; fourfold-higher concentrations of molybdate were necessary to inhibit the activity of the alternative nitrogenase for modD mutants, whereas an increase of up to 500-fold was needed for modC, modB, and modA mutants (Table 2 ). In contrast to these three types of interposon. ' The IC50 (molybdenum concentration needed to inhibit the alternative nitrogenase to 50% of the activity in Mo-free medium) was determined from at least three independent inhibition curves for each strain.
d Inhibition types I to VI are outlined in Fig. 6 . molybdenum inhibition (types I, II, and III in Fig. 6 ), which still allowed complete repression of the alternative nitrogenase at sufficiently high molybdate concentrations, mopA mutants and mopA mopB double mutants could not be repressed completely (types IV, V, and VI in Fig. 6 ). An IC50 of 35 nM was determined for the mopA insertion mutant, able to drive expression of modABCD from a promoter located on the interposon (inhibition type IV). In contrast, an IC50 of 11 ,uM, which is a 1,000-fold increase compared with the parental strain (Table 2) , was found for the opposite orientation of the interposon in mopA (type V).
Even an unphysiologically high concentration of molybdate (1 mM), which had some toxic effects on R. capsulatus, was unable to repress the alternative nitrogenase significantly in mopA mopB double mutants (Table 2 ; inhibition type VI in Fig. 6 ).
Proteins MopA and MopB are involved in neither molybdenum transport nor synthesis of the iron-molybdenum cofactor of nitrogenase. The data obtained from the DNA sequence and analysis of molybdenum repression of the alternative nitrogenase suggested that the gene products of modA, modB, and modC are involved in molybdenum transport. To test this hypothesis and to elucidate whether MopA and MopB are also involved in molybdenum transport, the activity of the conventional molybdenum-containing nitrogenase was analyzed in modB and mopA mopB double mutants (Fig. 7) . To ensure that the observed nitrogenase activities were not due to the alternative nitrogenase, these two mutations were introduced into an anfA mutant strain of R. capsulatus, which is unable to express the alternative nitrogenase. As shown in Fig. 7 , molybdate concentrations of >100 nM were sufficient for full activity of the molybdenum nitrogenase for the parental anfA mutant strain as well as for the mopA mopB double mutant. Therefore, MopA and MopB are not involved in the uptake of molybdenum or in the processing of molybdenum into the cofactor of the conventional molybdenum nitrogenase. In contrast, no nitrogenase activity was observed at 100 nM molybdate for the modB mutant. Concentrations 500-fold higher were necessary to restore full activity of the molybdenum nitrogenase in the modB mutant, indicating that ModB participated in high-affinity transport of molybdenum. (Table 2 ) are shown. The activity of the alternative nitrogenase was determined by the reduction of acetylene to ethylene, assayed by gas chromatography, and is expressed as a percentage of the corresponding control value in molybdenum-free medium. Type I (0) corresponds to the parental niJHDK deletion strain, type II (0) corresponds to a modD mutant, type III (A) corresponds to a modB mutant, type IV (0) and type V (A) correspond to mopA mutants carrying the interposon in different orientations, and type VI (O) corresponds to a mopA mopB double deletion mutant (for details, see Table 2 and text). DISCUSSION DNA sequence and mutational analysis proved that at least six R capsulatus genes located immediately downstream of nifB copy II are involved in the repression by molybdenum of the alternative nitrogenase. Two of these genes, designated modB and modC, exhibited a high degree of homology to chU and chlD, respectively, of E. coli. From the predicted secondary structure and amino acid sequence similarities to components of a variety of different transport systems, Johann and Hinton (21) suggested that ChlJ is an integral membrane protein of the molybdate transport system and ChlD is the membrane-associated ATP-binding protein responsible for energy coupling to this high-affinity transport system. Although modA, which was located immediately upstream of R. capsulatus modBC, exhibited no homology to known sequences, it seems likely that this gene encodes a periplasmic binding protein, the third component characteristic of high-affinity transport systems. The R. capsulatus ModA protein contained a leader sequence of 27 amino acid residues, which conformed to signal sequences of other proteins that are cleaved during translocation to the periplasm. A signal peptidase able to cleave the precursors of the E. coli Skp protein and Rhodobacter sphaeroides cytochrome c2 at the authentic cleavage site was identified recently in R capsulatus (52) . From the high degree of structural and sequence similarities of the putative leader peptide of R. capsulatus ModA to these proteins (Fig. 5) , it is likely that this signal peptidase is responsible for the export of ModA.
The same arrangement of genes coding for periplasmic binding proteins, integral membrane proteins, and ATPbinding proteins as described here for modABC of R. capsulatus was also found for the high-affinity phosphate and sulfate transport systems of E. coli (1, 19, 43, 47, 48) . In contrast to the R capsulatus molybdate transport system, these two oxyanion transport systems contained two integral membrane proteins, which exhibited significant sequence similarities to each other (1, 43, 48) . The formation of a membrane complex composed of a pseudodimer of two homologous proteins was also found for a variety of other active transport systems, including the oligopeptide transport system (14) and the histidine transport system of S. typhimurium (12) In addition to the integral membrane components, each binding-protein-dependent transport system contains one or two ATP-binding proteins. Two such proteins are required for the oligopeptide transport system (14); a fusion protein containing two ATP-binding domains was found for the ribose transport system (6), whereas the transport systems for phosphate (1, 48) and sulfate (43) need only one ATPbinding protein, which is supposed to form a homodimer. If the organization of the R. capsulatus molybdate transport system conforms to the general concept emerging for active transport systems, it seems likely that both the integral membrane protein (ModB) and the ATP-binding protein (ModC) function together as homodimers. This hypothesis is corroborated by the overlapping stop and start codons of modB and modC, indicating translational coupling, which ensures equimolar amounts of both gene products (29) . The same arrangement of genes coding for a single integral membrane protein and a single ATP-binding protein was found for the sfuABC operon of Serratia marcescens, which encodes a binding-protein-dependent iron transport system (3). However, the molecular weight of the membrane protein SfuB is nearly twice that of proteins usually found in binding-protein-dependent transport systems, and SfuB might originate from two fused polypeptides.
The genes encoding the structural components of the phosphate transport system are cotranscribed with phoU, encoding a regulatory protein involved in dephosphorylation of a transcriptional activator (for a review, see references 32 and 46), whereas the structural genes of sulfate transport are followed by cysM, coding for an O-acetylserine sulfhydrylase, which participates in cysteine biosynthesis (23, 43) .
The R. capsulatus modD gene, which is located at a comparable position downstream of modABC, exhibited no homology to known genes, and therefore no function could be predicted. However, it was shown (Fig. 6, Table 2 ) that, compared with the wild type, fourfold-higher molybdenum concentrations were necessary to repress the alternative nitrogenase in modD mutants, indicating that ModD is involved either in molybdenum transport or in signal transduction.
Mutations in modA, modB, and modC resulted in identical phenotypes. The molybdenum concentrations necessary to inhibit the alternative nitrogenase are increased 500-fold in these mutant strains. To prove the hypothesis that these genes encode the structural components of a high-affinity molybdate transport system, the activity of the conventional molybdenum-containing nitrogenase was determined. Full nitrogenase activities could be observed for modABC mutants only at molybdate concentrations of >50 ,uM, whereas >100 nM was sufficient for the wild type. This result indicated, first, that ModABC are involved in high-affinity molybdenum transport and, second, that a low-affinity system independent of modABC must also be present in R. capsulatus. This low-affinity transport system might be specific for molybdate, or more likely, other oxyanion permeases might be used to import molybdate at high concentrations. Lee et al. (24) presented data suggesting that, in the absence of the high-affinity transport system, E. coli utilizes sulfate transport systems for transporting molybdate. The assumption that modABC encode a high-affinity, binding-protein-dependent molybdate transport system would be in line with the finding that modABC mutants of R. capsulatus are still able to repress the alternative nitrogenase completely in the presence of high molybdenum concentrations, conditions which are dependent only on a low-affinity transport system. In addition, it could be concluded from these data that it is not the extracellular molybdenum concentration, detected by a putative integral membrane sensor molecule, that is responsible for molybdenum repression of the alternative nitrogenase but instead either the intracellular molybdenum content or the activity of the transport system itself.
The R. capsulatus modABCD gene region is preceded by two divergently transcribed genes encoding proteins, which also exhibited homology to gene products known to be involved in molybdenum metabolism. Both MopA and MopB, two proteins with high sequence similarity, contained two domains homologous to the low-molecularweight molybdenum-pterin-binding proteins of C. pasteurianum. The Mop proteins of C. pasteurianum, which are encoded by a multigene family (17) , were shown to contain one molybdenum atom and a pterin-like compound per molecule (16) . The presence of two Mop equivalents in R. capsulatus MopA and MopB might be an indication that these proteins are able to coordinate two molybdenum atoms and two pterins.
The expression of the alternative nitrogenase in a mopA mopB double mutant was independent of the molybdenum concentration (Fig. 6 ). This might be explained by an involvement of MopA and MopB in both the high-affinity and the low-affinity transport systems, preventing the uptake of molybdate completely. However, analysis of molybdenum uptake, measured indirectly via the activity of the conventional molybdenum-containing nitrogenase, revealed no differences between the wild type and a mopA mopB double mutant (Fig. 7) . The 
